The electronic properties and the 4f→5d transitions of the dopant Ce 
Introduction
Cerium-doped optical materials have attracted a great deal of interest due to their wide applications as scintillators, light-emitting diodes, and field emission displays.
1−3 Among these, cerium-doped lutetium oxyorthosilicate, Lu 2 SiO 5 :Ce (LSO:Ce), has been the subject of considerable attention during the past two decades, because it has a number of appealing properties for scintillator applications in positron emission tomography and other medical imaging equipment. 4, 5 It has a relatively high density (7.4 g cm −3 ), an excellent light yield, a fast scintillation decay time (~40 ns), and the mechanical and chemical stabilities characteristic of oxide structures. The optical properties and luminescence mechanisms of this material have been studied extensively using various experimental methods, including emission, excitation and absorption spectra, 6−10 and thermally stimulated luminescence. 11 It is established that the observed optical spectra mainly come from 4f−5d electronic transitions of the dopant Ce
3+
, and oxygen vacancies play a major role in the scintillation afterglow.
However, the identification of the dopant sites associated with the experimentally observed 4f→5d transition bands in LSO:Ce has been controversial for many years. Suzuki and coworkers 6 observed two distinct types of emission and the correlated excitation spectra of Ce 3+ in LSO, and these results were explained as due to the existence of two sets of Ce 3+ centers (referred to as Ce1 and Ce2) occupying the two crystallographically independent lutetium sites. This is known as the two-activation-center model. The emission from Ce2 was observed to be much weaker than that from Ce1, and was obscured by the latter at temperatures above 80 K. Later, Naud et al. 8 gave a different interpretation for the two activation centers, according to which the two types of spectra were from to the Ce 3+ ions at the substitutional Lu sites and at the interstitial sites, respectively. After that, based upon the 4f→5d absorption measurements, Cooke and coworkers 9 provided evidence in support of the previously proposed two-activation-center model by Suzuki et al., 6 but also tentatively suggested that the Ce1 and Ce2 centers were due to the Ce 3+ ions located at the six-coordinated Lu2 and the seven-coordinated Lu1 sites, respectively. A more recent investigation of LSO:Ce using electron paramagnetic resonance (EPR) spectroscopy indicated that about 95% of the dopant Ce 3+ ions occupy the Lu1 site, and the rest (about 5%) of Ce 3+ is at the Lu2 site. 12 These EPR results are in agreement with the two-activation-center model, 6 and attribute the Ce1 and Ce2 centers to the Ce Lu1 and Ce Lu2 sites, respectively, contrary to the assignment by Cooke et al.. 9 Since the information about the location of Ce 3+ ions in LSO is essential to the understanding of the relevant spectroscopic and scintillation properties, we have performed first-principles calculations to obtain this information in association with the observed 4f→5d transitions. Such calculations can provide information on the local geometries around Ce 3+ , the energy levels involved in 4f−5d transitions, and also their relationships, as shown in recent works.
13−15
The energy position of localized Ce 3+ 4f states within the host band gap is an important parameter in many technological applications of Ce-doped optical materials. DFT calculations within the standard local density approximation (LDA) or the general gradient approximation (GGA) are unable to correctly predict this position due to the self-interaction errors associated with the localized 4f states. 16−18 One common way to address this problem is to use the so-called DFT+U approach, 19−21 where a Hubbard U correction is applied to the localized 4f
states while leaving the other electronic states described by the standard DFT. DFT+U can describe properly the energy position of the occupied Ce 4f state relative to the top of the valence band by a suitable choice of U, but the band gap underestimation inherent in the exchange-correlation (XC) functionals still remains. 15 Hybrid DFT, where a portion of Hartree-Fock (HF) exchange is mixed with the DFT XC functionals, has been shown to give much better band gaps than the standard DFT, and also better positions of the localized states in oxide systems. 22, 23 In addition, admixture of the HF exchange is a universal parameter applied to all the electronic states of the system. It is thus interesting to investigate the electronic properties of the present Ce-doped system using the hybrid DFT method, and to see the improvement in the description of the localized 4f states with respect to the standard DFT.
In the present study, we have first performed geometry optimizations of LSO:Ce using the standard DFT-GGA calculations with the periodic supercell model, in which a cerium atom . The remainder of this paper is organized as follows. The methodology and computational details are described in section 2. The results for the structural properties, electronic properties, and the 4f→5d transition energies are presented and discussed in section 3, with the final conclusions collected in section 4.
Methodology
The Ce-doped LSO was modeled using a 1×2×1 supercell containing 128 atoms, in which one of 32 lutetium atoms was substituted by a cerium at Lu1 or Lu2 site (3.125% doping concentration 30 The geometry optimizations were performed using the conjugate gradient technique, until the total energies were converged to 10 −6 eV and the Hellmann-Feynman forces on the atoms were less than 0.01 eV Å −1 . With the PBE-optimized geometries, the electronic properties were studied using the hybrid DFT with the HSE06 functional. 31, 32 clusters were chosen for our investigation (see Fig. 1 , the potential for Lu 2 O 3 was used. 35 The remainders of their surroundings were simulated by 92607 and 92624 point charges located at lattice sites, respectively, generated using Lepetit's method. 36 This method is an extension of the one proposed by Evjen 37 and produces the same electrostatic potentials as Ewald's method. 38 For the two embedded clusters, we performed state-average CASSCF (SA-CASSCF) 39−42 plus CASPT2 43−45 calculations with the scalar relativistic many-electron Hamiltonian, which take into account the bonding, static and dynamic correlation effects. Then, with the wavefunctions from SA-CASSCF and energies from CASPT2, the AMFI approximation of the DKH spin-orbit coupling operator 46−48 was added to the Hamiltonian and a restricted active space state-interaction spin-orbit (RASSI-SO) method 49 was employed to account for the spin-orbit effect. These wavefunction-based calculations were performed using the program MOLCAS. 50 In the SA-CASSCF calculations, a [4f, 5d, 6s] complete active space was adopted. The CASSCF wavefunctions come from interactions of all configurations in which the single unpaired electron occupies one of the thirteen molecular orbitals of main characters Ce 3+ 4f, 5d, and 6s. The molecular orbitals are optimized by minimizing the average energy of the thirteen states. Since no symmetry (or C 1 symmetry) was found for Ce Lu1 
Results and discussion

Structural properties
The structure of the undoped LSO (monoclinic C2/c symmetry) was first optimized using the standard DFT-PBE method, and the results are listed in Tables 1 and 2 for the lattice and internal parameters, respectively. The optimized lattice parameters, which were obtained with the Lu 4f 14 electrons treated in the core (labeled by Lu-4f core in 15, 54 traced to the insufficient cancellation of the self-interaction errors associated with the localized Lu 4f electrons in the PBE XC functional. For the two crystallographically different types of lutetium atoms (Lu1 and Lu2), the silicon atom, and the five distinct types of oxygens (O1-O5), which are all located at sites of C 1 symmetry, the calculated internal parameters in the Lu 4f-core and Lu 4f-val schemes are both in good agreements with the experimental data, 53 see Table 2 . In light of these results, the Lu 4f-core scheme has been employed in the following geometry optimizations for the Ce-doped LSO. 
Electronic properties
The electronic properties of the undoped LSO were first investigated in the Lu 4f-core and Lu In the orbital projected DOS obtained for the undoped LSO with HSE06 ( Fig. 2(b) In Fig. 3 , we show the total and orbital-projected DOS for Ce Lu1 -and Ce Lu2 -doped LSO (i = 9, 10) transitions of Ce Lu1 and Ce Lu2 are given in Table 7 . From this 
Conclusions
We have investigated the electronic properties and 4f→5d transitions of Ce-doped LSO using 
